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Time and Freqguency Domain Measurements of
Ferromagnetic Resonance in Small Spin-Valve

Stephen E. Russek and Shehzaad Kaka

Abstract—Time and frequency domain magnetoresistance mea- 4 6
surements of ferromagnetic resonance (FMR) in small spin-valve
devices are presented along with comparisons to single-domain
simulations. The measurements and simulations give consistent
results for rotational motion with angular deviations of less than
30° from the easy axis. While the time and frequency domain
measurements produce similar results for ideal devices in the
linear regime, each technique provides different information
as the devices become nonlinear and less ideal. Both time and
frequency domain magnetoresistance measurements allow the
study of FMR in considerably smaller magnetic structures than
can be done with conventional techniques.
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junction devices being developed for data storage appli- ' o _

cations such as magnetic recording read sensors and magriid, Tareruedagiel e e dovs eemnsein
random access memory will soon be required to operate 4 rrT of both signals. The FFT of the device response clearly shows the
gigahertz frequencies [1], [2]. This operation frequency is nerromagnetic resonance at 3.6 GHz.
the ferromagnetic resonance (FMR) of these devices. Detailed
measurements and understanding of FMR in small devices véitid have a layer structure of Ta 5.0 nm ey 2 5.0 nm -
be required if this effect is to be used constructively to enhan€® 1.0 nm-Cu 3.0 nm-Co 2.0 nm-Ru 0.6 nm-Co 1.5 nm - FeMn
the output signal of a magnetic sensor or to switch a magneti@ nn - Ta 5.0 nm. The pin direction was set’ 30 the long
device more efficiently. (easy) axis of the device and was measured to be withiof 3

We have measured the ferromagnetic resonance in a sntiaél nominal set direction. The pinning field:isl00 kA/m and
spin-valve device using both pulsed time-domain and sweite pinned layer undergoes little dynamical motion for the field
frequency techniques. Both techniques measure the deviceaxsitations used in this study. The measured voltage (relative to
sponse in the gigahertz frequency range and are, in princiglee quiescent bias voltage) is proportional to the average trans-
equivalent when the device is operating in the linear regime anerse magnetization of the free layai,,, between the contact
is well behaved (no Barkhausen noise). In practice, the two deads and may be determined ki, /M, = Vi.cop/Vsar, Where
not equivalent since they respond to nonlinearities and nonidéd| is the saturated magnetization of the free lay&s,, is the
behavior differently, create different heating and parasitic efieasured voltage, and,,; is the measured saturation voltage
fects, and have different measurement problems that determéndiigh applied fields.

their signal-to-noise performance. The time-domain measurements were made by sending a
voltage pulse down the field line, which produces a magnetic
II. EXPERIMENT field pulse along the hard axis, perpendicular to the long axis

. . . L of the device. The transmitted field pulse was monitored using
Spin-valve devices were fabricated by optical lithography angy Gz handwidth sampling oscilloscope. The incident pulse

incorporated into a microwave measurement circuit that USES4 a full width at half maximum (FWHM) of 100 ps and the

integrated microstrip field and sense lines to deliver magneH% smitted pulse had a FWHF 6f, = 160 ps (see Fig. 1)

field excitations and measure the high-frequency responseﬁfé approximate field-pulse amplitude is calculated from the
the device [3]. The device dimensions && pm x 4.8 um measured voltage USiMpurse = Viran/2Zw, WhereVyqy is
the measured voltage] is the microstrip impedance, and
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Frequency (GHz) Fig. 3. Normalized time and frequency-domain device response and magnetic
suspectibility calculated from a single-domain Landua—Liftshiz simulation. The

Fig. 2. Spin-valve response measured in the frequency domain for seva/gjulation assumes a device sizeddd5 pm x 4.8 pm, a = 0.03, and bulk

values of longitudinal bias field. The FMR shifts to higher frequencies and thaagnetization values. Also shown is the measured DC suspectibility.

response amplitude decreases as the longitudinal bias field is increased. The

inset shows the frequency-dependent attenuation for the field line. . o . . . .
results are in qualitative agreement with simple single-domain

models which predict, for small rotation angles,
into a broadband microwave amplifier and then to a 20 GHz
sampling oscilloscope. B \/—
The frequency-domain measurements were made on the iderfr = YV Ms(Ky + Hip), View o Hpuse/(Hi + Hu,),

tical device with the same setup, except that the field line was

driven by the output of a 20 GHz network analyzer, and the a8 ereHy is the anisotropy field due to shape anisotropy. The

vice signal, after the sense amplifier, was sent into the secci,rqaet in Fig. 2 shows the measured voltage attenuation for the

port of the network analyzer. The microwave power was fixeée”fjo#ni' tr\:\:a h'((;g ]Qg'f:;eir:g:ta?h(?oﬂsf'r(lera:rl]i.:;n.cs)u;teorotgi
at 10 mW, which corresponds to a rms field of 1.8 KA/m. : Vi P '9 quencies Is du

For both measurements a background signal arises from Eea?_ruanon of the dnye field. . .
0 compare the time-domain and frequency-domain data, we

pacitive coupling from the field line to the device and sense line, te th lized devi hichii tional
The background signal is measured with no current through {pgpute the normalized device response, which 1S proportiona

device and is subtracted from the signal with current flowintit;O thed mag_neélc _susceptlblllty,g, tbhy C::“l;'_clj_m?trt]het FFT O.Itﬂ:jef. Id
For the real-time measurements, the background correction |§”%e' omain device response by the orthe ransmitted fie

scalar subtraction. For the frequency-domain measurementSRHese' For the frequency-domain data, we d|y|de the de_wce_re-
sponse by the frequency-dependent attenuation of the field line.

correction is a subtraction of the complex Fourier amplltudesBoth the time and frequency domain data are further normalized
by dividing by the maximum value at resonance. This normal-
. RESULTS ized device response is plotted in Fig. 3 N
Also shown in Fig. 3 is the susceptibility calculated from
Fig. 1 shows the transmitted applied-field pulse and single-domain Landau-Lifshitz simulation of a spin-valve
time-domain response of the spin-valve device with 6.4 kA/ariven by a 160 ps 4.8 kA/m magnetic field pulse. The
longitudinal bias field (along the easy axis of the device). Themulation assumes the device is a rectangular prism and
response is consistent with earlier measurements on simgafculates the demagnetizing factors using the analytic expres-
devices [4]. The measured peak voltage yields a maximwion given in [5]. The free-layer magnetization is assumed
value of the transverse magnetizationidf A, = 0.45, which to be 837 kA/m, which is the thickness-weighted average of
corresponds to a rotation angle of2The inset shows the fastthe NiysFey» and Co layers, assuming bulk magnetization
Fourier transform (FFT) of the field pulse and device responsglues and a 0.5 nm dead layer at thg Mte, »—Ta interface.
The FFT of the field pulse has a FWHM of 1.4 GHz. The FFThe damping parameter is adjusted to fit the data and is
of the device response shows a resonance at 3.60 GHz. Tt@3 for the simulation shown in Fig. 3. If nominal device
resonant response is excited because the driving pulse contdingensions of).8 pm x 4.8 um are assumed, the simulations
a significant component at the resonant frequency. give H;, = 11.4 KAIm, x;mpe = 49, andf, = 3.9 GHz, where
Fig. 2 shows the frequency-domain response for severgl.pc is the DC susceptibility. To get agreement with the
values of the longitudinal bias field{;,. As the longitudinal measured data, we need to artificially soften the single-domain
bias is increased, the resonance amplitude shifts to highesponse by increasing the device width to 0,2%. The
frequencies and the response amplitude decreases. ThedsmilatedHy, x..pc and f,. then agree reasonably well with
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frequencies, particularly at the resonant frequency, can be sim-
ulated even when the driving field has no Fourier components
in these higher frequency ranges. At very high transverse-field
amplitudes, the device can be driven into a metastable state
where the center of teh device has reversed and the device edges
are still pinned in the original direction [6]. This type of non-
linear dynamics is more clearly measured in the time domain
and would be difficult to characterize in the frequency domain.
An exact measurement of the high-frequency suspectibility
of small devices is difficult because the microstrip lines are
lossy due to their small dimensions (2n and 4.m widths
respectively). There are large frequency-dependent attenuations
as seenin Fig. 2 inset. Here we normalized both the time and fre-
guency domain data to the transmitted microwave signal coming
10 5 0 ' 5 " 10 out of the field line and did not account for frequency-dependent
H (kA/m) attenuation of the device signal. A quantitative measurement of
the susceptibility would require an accurate determination of the
Fig. 4. Device response versus longitudinal magnetic field for several fixffegquency-dependent field amplitude at the device location and
frequencies. The free layer switches~a3—4 kA/m and the switching field is the frequency-dependent losses in the sense line.
dependent on the response amplitude. In summary, measurements of the ferromagnetic resonance
in small spin-value devices have been made in the time and
the measured values & = 8.4 KA/M, x;mpe = 54, @nd  frequency domains by using the magnetoresistance to monitor
fr = 3.6 GHz. ) the magnetization of the device. This technique is more sen-
The ferromagnetic resonance can also be measured by &fye than other micro-FMR techniques [7] and can be scaled
plying a fixed microwave frequency and measuring the devigg measure FMR in device structures down to 50 nm diameter
response as the longitudinal bias field is varied. This datagq 2 nm film thickness. Further, it allows continuous charac-

shown in Fig. 4 for excitation frequencies of 3.0 GHz, 3.5 GHZerization from the linear to the highly nonlinear regime, where
and 4.0 GHz. At approximately 3 kA/m to 4 kA/m, the devicgitching and metastable state formation occur.

free layer switches to its other stable state. There is some de-
pendence of the switching field on the amplitude of the device

response, with the switching field decreasing as the excitation
frequency decreases and the response increases. The width Bf K. B. Klaassen, R. G. Hirko, and J. T. Conteras, “High speed magnetic

; ; ; ; ; recording,”|EEE Trans. Magn.vol. 34, pp. 1822-1827, July 1998.
the 3 GHz FMR peak is 7.6 kA/m, which is consistent with [2] R.H.Koch, J.G. Deak, D. W. Abraham, P. L. Trouilloud, R. A. Altman,

the single-domain simulations, which predict a line width of Y. Lu, W. J. Gallagher, R. E. Scheuerlein, K. P. Roche, and S. S. P. Parkin,
9.4 kA/m using any = 0.03. “Magnetization reversal in micron-sized magnetic thin film2tiys. Rev.
Lett, vol. 81, pp. 4512-4515, Nov. 1998.
[3] S. E. Russek, J. O. Oti, S. Kaka, and E. Y. Chen, “High-speed charac-
IV. DiscussiON terization of sub-micrometer giant magnetoresistive devicks&ppl.
. . . . Phys, vol. 85, pp. 4773—-4775, April 1999.
The time and frequency domain data in Fig. 3 show reason4; g yE. Russek‘,)ps. Kaka, and ,8|. Donahue, “High-speed dynamics,
able agreement for the small excitation fields used. Simulations ~ damping, and energy relaxation times in submicrometer spin-valve

show that, for the range of field excitations used here, < devices,"J. Appl. Phys.vol. 87, pp. 7070-7072, March 2000. ,
[5] A. Aharoni, “Demagnetizing factors for rectangular ferromagnetic

Hpulse/Hk < 0.54, the expected variation in the suspectibility prism,” J. of Appl. Phys.vol. 83, pp. 3432-3434, March 1998.
is less than 1% at 1 GHz and less than 6% at resonance. Af] P. Kabos, T. Silva, and S. E. Russek, “Metastable states in large angle

the excitation field is increased linear analysis will no longer _ magnetic rotations,’, these proceedings. "
| d the ti df d . t il 7] S.Zhang, S. A. Oliver, N. E. Israeloff, and C. Vittoria, “High-sensitivity
apply an € ume and frequency aomain measurements wi ferromagnetic resonance measurements on micrometer sized samples,”

no longer agree. For large field amplitudes, response at higher Appl. Phys. Lett.vol. 70, pp. 27562758, May 1997.
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